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DETERMINATION OF THE ANGULAR POSITION OF A LASER BEAM 

This application claims priority from provisional application 60/413,938, filed September 
26, 2002. 

Field of The Invention 

The present invention relates generally to the field of scanning devices. In particular, the 
present invention relates to the profiling of a component which includes scanning a spot of light 
through a range of angles. More specifically, the present invention relates to the measuring of 
the external surface profile of a component using a non-contact optical technique. Even more 
specifically, the present invention relates to the measuring of the external surface profile of a 
component using a non-contact optical technique which scans the field of view by utilizing a 
rotating mirror and which precisely determines the angular position of the spot of light during 
scanning. 

Background Of The Invention 

The present invention describes several highly accurate methods for determining the 
pointing angle of a laser beam. The theory and use of these inventions are introduced by 
examining how these inventions aid the construction and use of a non-contact laser scanning 
system. A body of useful prior art for this work is described in U.S. Patent No. 6,441,908, issued 
to Johnston et al. 

We have developed an instrument where some form of light illuminates a spot on the 
surface of an object to be measured. The light source is usually a laser beam and the beam is 
usually first reflected off a mirror, as shown in Figure L By repositioning the mirror, usually 
using a rotational motion, we can reposition the light spot to measure a series of locations along 



the surface of the object. The challenge is to determine, very accurately, what the position of the 
mirror is so we can accurately determine the position of the laser (ideally to within 50 jMrad) and 
ultimately determine the position of the laser on the object. 

Mechanical Position Method 

One class of previous techniques for determining the pointing angle of a laser have 
required measuring the mechanical deflection of the mirror using techniques that include the use 
of rotary encoders and specialized potentiometers. The laser deflection can then be inferred 
using the fact that 

^Optical = 2@ Mechanical (Q) 

Due to noise, jitter and limited resolution, these mechanical deflection methods typically do not 
suffice for measuring beam position down to 50 jirad. 

Constant Velocity Method 

A potentially more useful technique for determining the pointing angle of the laser is to 
make optical measurements of the laser beam as it is swept over a range of angles and then infer 
the position using angular velocity. As shown in Figure 2, the laser first sweeps across an initial 
position sensor (Tick). This event latches a high precision counter, resulting in an initial timer 
value (Trick)- The timer is also latched for each / th desired measurement of the laser beam 
position (T,-). Finally, as the laser crosses the end of scan position sensor (Tock), the timer is 
again latched (T^dO- These sensors can be any photo-detector but it is assumed in this 
disclosure that the high resolution bi-cell optical trigger configuration is used. 
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If the angular distance between Tick and Tock (AG) are known (i.e. fixed or 
predetermined) and we assume a constant angular velocity, then it is possible to calculate a high 
precision angular position value for the f* position measurement (00 using 

0,=0 o +<Vi+±*, 2 (1) 
where (Do is the initial angular velocity and a is the (constant) angular acceleration. First, we 
arbitrarily set 9 0 = 8 T i C k = 0. This reduces (1) to 

0i=0V,+W. (2) 
The average value of CD can be found using 

(co) = — = 0Tock - 0Tick 
' AT T -T 

LAi L Tock A Tick (3) 

Assuming no angular acceleration, e.g. a = 0, the I th angular position (6,-) relative to Brick can be 
determined after the sweep is complete by substituting <(D> for (Do and using 

d — (co)T. = ® Tock ~ ^ Tick T 

l Tock l Tick # (4) 

This optical angular velocity technique can suffice for measuring beam position down to 
50 |wrad as long as there is no angular acceleration and the counter is of sufficiently high 
resolution with low jitter in the triggering/latching circuits. This technique has the advantage of 
not requiring a specific value of (D, as long as (D remains constant during the sweep so that at any 
time the instantaneous angular velocity (©,-) approximates the average velocity, 

co, ~ (a?) . (5) 



Constant Acceleration Method 

The constant velocity method can fail when there is sufficient angular acceleration 
present between Tick and Tock to invalidate (5). In the special case where a is slowly varying, 
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such as a sine wave, then the value of a can be approximated as constant between Tick and 
Tock. In such a case, knowledge of the initial angular velocity (o>nck) and final angular velocity 
(corock) suffice to determine the laser position with sufficient accuracy. These new angular 
velocity values can be measured using a variation of the configuration as shown in Figure 3. A 
pair of Tick trigger sensors separated a known distance (A6 T i C k) is provided, as well as a 
corresponding pair of Tock sensors. 



The i th angular position can now be found using 



«i=¥/+iW (6) 



/ a \ _ tyock ^Tick _ ^Tock ^Tick j 
\ I a T T —T 1 

where Tock Tock Tick (7) 

rn _ m _ @Tick2 Z ^Tickl m _ ^Tockl ~ @Tock\ 
US 0 — LU Tifk — ^Tock ~ T _ j, 

anc J l Tick2 l Tick\ ^ I Tock2 1 TockX f (g) 



Challenge of Instantaneous Acceleration 

The constant velocity and constant acceleration methods of determining the angular 
position of the beam using optical measurements suffice for "well behaved" motion profiles of 
the rotating deflection mirror, e.g. where there is no appreciable instantaneous acceleration. 
However, when a is not constant between Tick and Tock, large errors in the determined value of 
6i can result. Such a case can result if a resonant device such as a torsional pendulum structure 
rotates the mirror. This is a case where both a and co are described by sine waves with periods of 
approximately twice the time between Tick and Tock. If the structure was tuned so that the 
motion was just sufficient for the beam to cross both Tick and Tock, then C0ri ck ~ o>rock ~ 0 and 
(6) clearly breaks down. A similar extreme case is simulated in Figures 4a and 4b where a 
mirror rotating with a base velocity of (Do = 1.0 RPS has a 6 Hz sinusoidal velocity variation with 



amplitude of 0.5 RPS. The solid line in Figure 4a shows the actual velocity and the dashed line 
shows the velocity calculated using (3). The dashed line in Figure 4b shows the expected 
position of the mirror using (4), which is significantly different than the actual position shown as 
a solid line, up to 10 degrees in the center of the sweep. Figure 4b would be identical if (6) were 
used because the initial and final velocities are the same. 

Another case where (6) breaks down is when an instantaneous acceleration "event" 
perturbs an otherwise constant motion profile. This can occur many ways, such as when an 
impulse from nearby equipment causes a vibration event or when the whole system is in motion 
in a fashion that couples with the angular momentum of the mirror or, even more subtle, when 
the bearings bind or drop into a "groove" in their races. 

Acquiring and Using Angular Motion Data 

The preceding discussion illustrates that a more refined method is needed to profile the 
acceleration, velocity or position profile between the Tick and Tock sensors. Properly 
accomplished, enough motion data between Tick and Tock would allow breaking AO into 
sufficiently small angular ranges where the acceleration can be considered constant. In practice, 
acquiring this data can be difficult. Examination of Figure 2 shows that, unless a transparent 
sensor is used, the Tick and Tock sensors block the outgoing beam at the beginning and end of 
the beam sweep. Any subsequent motion data between Tick and Tock must be acquired without 
fully blocking the outgoing measurement beam. 

The several methods for gathering sufficient motion data between Tick and Tock that are 
described in this disclosure can be organized into the categories of: 
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• Mechanical measurement techniques directly coupled to the motion of the 
deflection mirror. These techniques generally provide noisy, low-resolution data 
available as a constant stream of measurements between Tick and Tock; 

• Optical techniques where a portion of the outgoing measurement beam is sampled 
and measured to provide motion data. The techniques described here are typically high 
resolution, low jitter data available as a small set of discreet samples spanning between 
Tick and Tock; and 

• Optical techniques where a separate beam is directed off the deflection mirror and 
measured to provide motion data. The separate beam can be from a separate source or 
sampled off the input beam before the deflection mirror. 

These and other advantages of the present invention will become more fully apparent 
from the detailed description of the invention hereinbelow. 



-6- 



Summary of the Invention 

The present invention is directed to a system for high-precision determination of the 
angular position of a light beam in an optical scanning device, the system comprising: a source 
of light that emits a substantially collimated primary light beam; a light-sensitive sensor; an 
optical element used to focus an image onto the sensor; and a rotatable mirror system that re- 
directs the primary light beam to a plurality of locations of an external surface of a component, 
the rotatable mirror system comprising: a rotary axis; a mirror structure that rotates about the 
rotary axis; at least one detector positioned to intercept a light beam that has been reflected off 
the mirror structure at an angle representing a start-of-scan such that a first trigger pulse is 
generated, and positioned to intercept a light beam that has been reflected off the mirror structure 
at an angle representing an end-of-scan such that a second trigger pulse is generated; and an 
auxiliary system that provides measurement data between the start-of-scan angle and the end-of- 
scan angle; wherein the first trigger pulse and the measurement data are used to determine the 
angular position of the primary light beam. 

In one embodiment, the auxiliary system includes a measurement device which is 
coupled to the rotary axis, and wherein the first and second trigger pulses and the measurement 
data are all used to determine the angular position of the primary light beam. 

In another embodiment, the auxiliary system includes an auxiliary light-sensitive sensor 
and a beam splitter, wherein the beam splitter is positioned to intercept the primary light beam 
subsequent to reflecting off of the mirror structure, and wherein the beam splitter re-directs a 
portion of the primary light beam onto the auxiliary sensor. 

In yet another embodiment, the auxiliary system includes an auxiliary light-sensitive 
sensor and a beam splitter, wherein the beam splitter is positioned to intercept the primary light 
beam prior to reflecting off of the mirror structure, and wherein the beam splitter re-directs a 
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portion of the primary light beam onto the mirror structure which reflects the re-directed primary 
light beam portion onto the auxiliary sensor. 

In still yet another embodiment, the auxiliary system includes an auxiliary light-sensitive 
sensor and an auxiliary light source, wherein the auxiliary light source emits a substantially 
collimated auxiliary light beam onto the mirror structure which reflects the auxiliary light beam 
onto the auxiliary sensor. 



Brief Description of the Drawings 

In order that the manner in which the above-recited and other advantages and objects of 
the invention are obtained can be appreciated, a more particular description of the invention 
briefly described above will be rendered by reference to a specific embodiment thereof which is 
illustrated in the appended drawings. Understanding that these drawings depict only a typical 
embodiment of the invention and are not therefore to be considered limiting of its scope, the 
invention and the presently understood best mode thereof will be described and explained with 
additional specificity and detail through the use of the accompanying drawings. 

Figure 1 is a simplified illustration of a laser beam intersecting a surface of an object 
while being swept across the surface by rotation of a mirror in accordance with the prior art. 

Figure 2 is a simplified illustration of a configuration for optically inferring laser position 
using velocity in accordance with the prior art. 

Figure 3 is a simplified illustration of a configuration for optically inferring laser position 
using velocity and initial/final acceleration in accordance with the prior art. 

Figures 4a and 4b are plots illustrating an example of position error due to variations in 
angular velocity. 
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Figures 5a and 5b are isometric views of a laser scanning system including mechanically 
coupled measurements augmenting a Tick/Tock scheme, in accordance with a preferred 
embodiment of the present invention. 

Figures 6a-6c are plots illustrating simulated data and analysis from a sensor 
mechanically coupled to a rotor shaft, in accordance with a preferred embodiment of the present 
invention. 

Figures 7a and 7b are bottom and side views, respectively, of a laser scanning system 
including a beam splitter used to sample a portion of a measurement beam after deflection from 
the rotor and a PSD (Position Sensitive Detector) sensor used to optically measure the angular 
position of the sampled beam, in accordance with a preferred embodiment of the present 
invention. In Figure 7b (the side view), the PSD sensor is not shown for simplicity purposes. 

Figures 8a and 8b are bottom and side views, respectively, of a laser scanning system 
including a beam splitter used to sample a portion of a measurement beam before deflection from 
the rotor and a PSD sensor used to optically measure the angular position of the sampled beam, 
in accordance with a preferred embodiment of the present invention. In Figure 8b (the side 
view), the PSD sensor is not shown for simplicity purposes. 

Figures 9a and 9b are bottom and side views, respectively, of a laser scanning system 
including a beam splitter used to sample a portion of a measurement beam after deflection from 
the rotor, collection optic(s) used to collect and redirect the sampled beam, and a PSD sensor 
used to optically measure the angular position of the sampled beam, in accordance with a 
preferred embodiment of the present invention. In Figure 9b (the side view), the collection 
optic(s) is not shown for simplicity purposes. 

Figure 10 is a schematic view illustrating a Tick/Tock bar configuration where a sweep of 
the sampled beam crosses an array of N = 8 photodiodes (i.e. along the center), in accordance 
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with a preferred embodiment of the present invention. The buffered output of every other 
detector is wired to a comparator, resulting in a series of N-l = 7 sharp trigger transitions. 

Figures 1 la and 1 lb are plots illustrating simulated data from Figure 6 sampled and 
analyzed using 21 discreet optical signals to provide angular position data between Tick and 
Tock. 

Figures 12a and 12b are bottom and side views, respectively, of a laser scanning system 
including a beam splitter used to sample a portion of a measurement beam after deflection from 
the rotor, an aperture mask used to pass the upper or lower portion of the sampled beam in an 
alternating fashion, and the collection optic(s) used to collect and redirect the sampled beam to 
the horizontally oriented bi-cell, in accordance with a preferred embodiment of the present 
invention. In Figure 12b (the side view), the aperture mask and collection optic(s) are not shown 
for simplicity purposes. 

Figure 13 is an isometric schematic view of the optics path for the masking technique, in 
accordance with a preferred embodiment of the present invention. 

Figures 14a and 14b are bottom and side views, respectively, of a laser scanning system 
including a beam splitter used to sample a portion of a measurement beam after deflection from 
the rotor and the light-pipe structure used to create a series of discrete sweeps across the 
vertically oriented bi-cell, in accordance with a preferred embodiment of the present invention. 

Figures 15a and 15b are bottom and side views, respectively, of a laser scanning system 
including a diffractive element applied to a mirror creating a series of discrete beams that sweep 
past the single bi-cell to create a series of discrete trigger events as the rotor turns, in accordance 
with a preferred embodiment of the present invention. In Figure 15a (the bottom view), the 
diffractive element is not shown for simplicity purposes. Figure 15b (the side view) illustrates 
the equivalent optical path without any folds in the system. 
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Figures 16a and 16b are bottom and side views, respectively, of a laser scanning system 
including a diffractive element used to create a series of discrete beams that are collected and 
directed to the mirror, creating a series of discrete beams that sweep past the single bi-cell to 
create a series of discrete trigger events as the rotor turns, in accordance with a preferred 
embodiment of the present invention. In Figure 16a (the bottom view), the diffractive element 
and collection optic(s) are not shown for simplicity purposes. Figure 16b (the side view) 
illustrates the equivalent optical path without any folds in the system. 

Detailed Description of the Preferred Embodiments 

Reference will now be made to the drawings wherein like structures are provided with 
like reference designations. It will be understood that the drawings included herewith only 
provide diagrammatic representations of the presently preferred structures of the present 
invention and that structures falling within the scope of the present invention may include 
structures different than those shown in the drawings. 

The inventions in this disclosure are intended for, but not limited to, measuring the 
position of a rotating mirror used to deflect the measurement beam in a non-contact laser scanner 
profilometer, similar to the systems discussed in U.S. Patent No. 6,441,908. Unlike laser 
"writing" applications that need to hit a specific spot, here we are satisfied with measuring 
precisely where the beam was when the measurement was taken and have the luxury of making 
an accurate determination after the whole sweep is complete. Examples of the implementations 
and identification of the preferred techniques will be made as they relate to laser scanning 
profilometry applications. 

Mechanically Coupled Measurements 
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Mechanically derived data from a sensor attached to a rotation axle could provide data 
between Tick and Tock. Measurements of the angular position of a measurement beam with 50 
^irad accuracy cannot typically be conducted using mechanically coupled sensors due to noise, 
jitter, temperature variances, limited resolution and other limitations. However, the use of 
mechanically coupled measuring devices can aid in increasing the accuracy of a Tick/Tock 
system by providing a profile of the angular motion between the Tick and Tock sensors. A laser 
scanner system for using this is illustrated from different perspectives in Figure 5a and Figure 5b. 

Here, a laser 10 is reflected off a folding mirror 20 and off the one mirror 30 of a 6-sided 
rotor (with 5 mirrors removed for simplicity purposes). The resulting reflected beam is swept 
over a range of -100° as the rotor turns, 60° of which is allowed through the base plate through 
the aperture 40. The beam illuminates the object to be measured and the scattered light passes 
back through the base plate, off mirror 30, off fold mirror 50 and is imaged onto camera 70 by 
the optics 60. On either side of aperture 40 are pick-off mirrors 80 that reflect a small angular 
range of the swept beam straight down the base plate and across the Tick/Tock sensors 90. In 
this fashion, as the rotor turns, a Tick and Tock signal are generated at the beginning and end of 
the sweep. To augment measuring the rotor position between Tick and Tock, an angular 
measuring device 100 is coupled to the end of the rotor shaft. 

The mechanically coupled angular measuring device can potentially be based on one of 
many different existing technologies, including but not limited to a potentiometer, an optical 
encoder, a magnetic encoder, a resolver, or a Rotary Variable Differential Transformer. Some of 
the variables in play when choosing the device are the cost, linearity, resolution, noise, jitter, 
temperature coefficient, and how big the dead zone is, if there is one. One difference between 
the technologies is that the continuous sensors such as the potentiometers can be queried at 
regular time intervals, yielding irregular spaced angular data. In contrast, the "digital" devices 
such as the optical encoder will generate interrupts to latch the counter, resulting in periodic 
angular data at irregular time intervals. Although the optical encoder is currently favored due to 
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its low cost, non-contact nature and lack of dead zone, the basic use of the data from all these 
sensors is very similar. 

Simulated Example Data 

To illustrate the use of semi-continuous data available from a sensor mechanically 
coupled to the rotor shaft of the rotating mirror in Figures 5a and 5b, a simulated data set was 
constructed. As shown in Figure 6a, a base angular velocity of 1.0 RPS (the dashed line) is 
disturbed by a 1.5% (0.015 RPS) sinusoidal perturbation with a period of 30° (mechanical), 
resulting in the solid line. 

To simulate the readout of a mechanically coupled sensor, the position of the rotor was 
"poled" 600 times over a 30° (mechanical) range. This is equivalent to a 7200 count/rev encoder 
or a continuous sensor poled at 10.8 KHz. The initial and final angular velocities would be 1.0 
RPS, so both the Constant Velocity and Constant Acceleration techniques would have large 
position errors with a maximum of 3.25 mRad (0.18°) in the center of the sweep, as shown by a 
solid line that is hidden, but runs down the middle of the somewhat fuzzy line in Figure 6b. 

Noisy data: In the absence of sensor noise, the position sensor would suffice to directly map the 
position of the beam after accounting for the mechanical to optical conversion mentioned in (0). 
Unfortunately, real sensors suffer from noise that significantly degrades the ability to accurately 
determine the position of the rotor and hence the beam. In this analysis, we will disregard the 
error in the 20 MHz or 40 MHz counters as insignificant. Instead, we will focus on errors such 
as latching trigger errors caused by jitter in the encoder signal, which is in some ways equivalent 
to the reading errors in the continuous signal sensors such as potentiometers. To simulate this, a 
Gaussian error with a standard deviation of 29.7 uRad was added to the sensor signal. This is 
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actually a very small amount of noise, equivalent to 1:216000 of a revolution or 1/30 of an 
encoder period. The somewhat fuzzy line in the Figure 6b shows the resulting noisy signal. The 
noisy line in Figure 6c shows the difference between the actual position and the noisy reading. 
Although the 29.7 jxRad standard deviation result is vastly better accuracy than the Constant 
Velocity method provides, the maximum error in this simulation is 102 [iRad. When Equation 
(0) is accounted for, this is 4 times desired specification. 

Filtered Sensor Data: If we make the assumption that the rotor velocity is slowly varying and 
the sensor reading has Gaussian noise, then it is legitimate to employ a digital filter to smooth the 
sensor data. The dashed line in Figure 6c is the result of applying an adaptive nearest neighbor 
smoothing algorithm to the data. In this case, the filtered results have a standard deviation of 
13.6 uRad with a maximum error of only 25.1 ^iRad. When accounting for the mechanical to 
optical translation in Equation (0), this just slightly misses the desired specifications. 

With the smoothed data set and the correlated timer values, we can create a function to 
allow us to "look up" a smoothed value for any I th timer value, 

/WW (9) 
where (3, is the resulting smoothed value, T ( is the / th timer value mdfl) is the function. There are 
many options for the formulation of/0- If, as in this example, the sensor data is sufficiently 
dense, a simple interpolation routine can be used to find a value of (3 for a timer value that lands 
between two sensors readings. Some other function options include fitting a spline to the 
smoothed sensor data or even a high order polynomial. 

There are many choices and a large body of existing research to utilize when choosing 
the optimal digital filter for this application. Ultimately, the noise content of the sensor and the 
poling frequency will highly influence the choice of techniques; another variable is the amount 
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of processing power available. A windowed FIR filter (e.g. Gaussian or Hanning) should suffice 
for most applications, although an appropriate wavelet filter might be better for suppressing the 
fundamental sensor noise without biasing the measurement. One major challenge is to handle 
the roll over, e.g. from 359° to 1°. If the sensor has a dead-zone, then locating it to occur 
between mirrors will allow accumulation of enough readings so the filter can recover before the 
beam enters the Tick/Tock sweep area. 

It should be noted that sensors that produce a velocity-based signal could be used in this 
application. In this case, a continuous signal filter is easier to implement due to the lack of roll 
over. However, the output of a velocity sensor would need integrating to obtain position data. 
The drawback to this is the noise that makes it through the filter is also integrated and the 
resulting position data tends to be noisier and have more bogus structure than obtained with 
position sensors. 

Fixed Pattern Errors: In the absence of other signal degradation and offset, the preceding filter 
techniques would suffice to determine beam position to the desired specification. However, real 
sensors suffer from fixed pattern errors that can significantly affect the accuracy of measured 
position values. In optical encoders, these can be due to off-center mounting, resulting in a 
sinusoidal offset with the same period as the rotation, or they can be due to lithography errors on 
the encoder wheel, resulting in nonlinear spacing between counts. Other sensors can be 
influenced by non-homogeneous material or non-uniform windings to provide similar fixed 
pattern errors. If these errors have been mapped so that the offset is known as a function of 
position then the measurements can be adjusted by the known offsets, resulting in a much more 
accurate position value using 

0 = (10) 
where <j) is the corrected angular value, (3 is the input value and b() is the mapping function. 
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An ideal method of mapping these fixed pattern offsets is to rotate the mirror and log the 
sensor data for many thousands of rotations, then average the results. Any transient motion 
artifacts should average out over so many revolutions, leaving only the fixed sensor pattern or 
motion artifacts in the averaged signal. The resulting data can be fit with a continuous 
polynomial, interpolated in a look up table or even fit with splines for a smooth error map. 
Another advantage of this technique is the resolution of the mapping is increased when so many 
averages are available due to the noise dropping by a factor of approximately Mroot(AT). 



Scaling and Temperature Compensation: One drawback to many of the continuous sensors, 
such as potentiometers, is that with changes of temperature, their output signals change by 
amounts larger than those expected from purely material expansion. If relying solely on such a 
sensor for determining angular position, large errors in the angle determination could result. 
Fortunately, the changes from temperature can be characterized as a linear scaling temperature 
coefficient. While a separate temperature sensor could be used to derive a temperature and 
compensate the reading from the angular sensor, the Tick and Tock sensors can be used to 
provide a high resolution fixed reference to provide both the proper scaling coefficient and take 
care of equation (0) at the same time. 

Since for any sweep the angular space between Tick and Tock (A9) is known as well as 
7Y, C k and T Tock , we can use (9) and (10) to determine the corresponding values of the angular 
sensor, <j>nck and (jh-ock- Then, for any measurement that occurred at T u we can find the angular 
position of the beam (0j) using 

e = M = 0™ Z*M £ {p i )= 9 ™ - 0 ™ £ {f{T i )). (11) 

' W Aock-hck 0Tock-0Tick 
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Optical Measuring Techniques 

PSD Sensors: Optical measurements of the beam deflected off a turning mirror can be directly 
measured to provide angular position data between Tick and Tock. The laser scanning system in 
Figures 5a and 5b can be modified as shown in the new system in Figures 7a and 7b to allow 
continuous optical measurement of the deflected beam. A beam splitter can be used to re-direct 
a portion of the outgoing beam after reflection off the mirror, the sampled beam can be directed 
onto a PSD sensor, providing a continuous position reading that can be sampled at will. Note 
that, as shown, the pick off can happen at a different level than the tick tock mirrors to allow 
unobstructed beam paths for both techniques. Typically, PSD sensors are used with signal 
conditioning so they have a signal that varies between values of -1 to 1 as the beam sweeps from 
one end to the other of the sensor. Acquisition and analysis of the signal from the PSD can 
proceed in the same fashion as that discussed for continuous signals from the mechanically 
coupled sensors, including any of the steps of smoothing if required, mapping the non-linearity 
and combining with the Tick and Tock sensors for a highly accurate measure of the beam 
position of any measurement /. 

Separate Beam Paths: As an alternate to disturbing the measurement beam after deflection, 
Figures 8a and 8b depict an implementation where a beam splitter is used to sample a portion of 
the beam before it is deflected off the turning mirror. This sampled beam can be directed off the 
rotating deflection mirror, ideally in a parallel path to the outgoing measurement beam. The 
sampled beam can be directed onto a PSD sensor, providing a continuous position reading that 
can be sampled at will. Figures 8a and 8b show an option that is ideal for all the 
implementations in this disclosure, where a folding mirror is used to direct the beam to keep the 
optics path in a compact form inside the instrument case. 
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Note that Figures 8a and 8b show a separate beam being used to measure the angular 
position of a beam deflected off the rotating mirror. The use of one or both of the Tick and Tock 
signals provides a fixed reference to allow the data from the separate beam to be used to infer the 
position of the measurement beam. Instead of splitting off the main beam, it is also possible to 
use a separate light source, such as another laser, for all the cases in this disclosure where a beam 
is sampled off the incoming beam before the rotating mirror. In such a case, the sensor beam 
path can be directed off any part of the rotating mirror, allowing convenient location inside the 
instrument case. Since all the mirrors on the rotor are rigidly fixed together, the sensor beam can 
be directed off a completely different mirror of the rotor assembly. In the case of a single 
resonant mirror, the beam can even be directed off the backside of the main deflection mirror. 
The previously discussed smoothing, mapping and combining with Tick and Tock will allow all 
these options to provide high resolution, accurate data between Tick and Tock. 

Collection Optic(s): The implementations in Figures 7a, 7b, 8a, and 8b show the PSD located 
so the total path from the rotor mirror to the detector is rather short. Maximizing this path length 
will increase the resolution of the system. Also, the middle of the case might not be an optimum 
detector location. Unfortunately, the PSD sensors can practically be only a few inches long, 
making it hard to capture the whole 60° sweep of the beam. Figures 9a and 9b show a method of 
utilizing collection optic(s) to collect the angular sweep of the beam and partially or completely 
convert it to a lateral sweep, also allowing the detector to be located at the end of the case. As 
shown, one ideal optical configuration is a telecentric one where the lens is placed so that the 
total path length from the rotor mirror to the lens is equal to the focal length of the lens. In all 
the configurations in this disclosure, pickoff of the sample beam can be done with conventional 
beam splitters or mirrors, or can be accomplished with diffractive elements designed to 
simultaneously sample, shape and redirect the beam. The mapping techniques discussed earlier 
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will help linearize the sensor response when using collection optic(s). Collection optic(s) will 
work just as well for configurations with separate paths for the measurement beam. 

Discreet Sensors 

It is technically feasible to replace the PSD in any of the preceding figures with an array 
of individual photo-sensors or an array of individual bi-cells. Figures 9a and 9b show an 
implementation where a beam splitter is used to re-direct a portion of the outgoing beam after 
reflection off the mirror, then a collection optic(s) is used to redirect the divergent sampled light 
onto a series of individual tick/tock sensors at known angular intervals, resulting in a series of 
precise counter triggers at regular angular intervals. The implementation in Figures 9a and 9b 
show the collection optic(s) (e.g. lens) placed in the telecentric position so the total beam 
distance from rotor mirror to lens equals the focal length of the lens. In Figure 9b (the side 
view), the collection optic(s) is not shown for simplicity purposes. 

A series of individual bi-cells could be employed as individual Tick sensors to provide 
high resolution, low jitter discrete triggers at regular intervals for latching the high-speed 
counter. This requires N photo-sensors arranged in N/2 pairs, resulting in N/2 precision trigger 
transitions. Another way of getting more trigger transitions with the same number of 
photodiodes is shown in Figure 10. An array of N detectors is wired so that the optionally 
buffered output of every other detector is connected in common to a buffered input leg of 
comparator A. In this fashion, N-l sharp transitions at regular intervals result as the beam 
sweeps across the array. To keep spurious triggers from occurring, the combined signal from all 
the detectors is buffered and added up in one channel of comparator B. The other leg of 
comparator B is a selectable voltage level that can be set so the output will only be TRUE when 
the combined photo-signal is above the SET threshold. The output of buffer C will only follow 
the transitions out of comparator A when enabled by a TRUE value out of comparator B. These 
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transitions can be used to trigger the latching of a high-speed counter. As will become apparent, 
the more discrete triggers available, the higher the accuracy of the results. Therefore, the use of 
a commercially available 32 cell array in a configuration like that in Figure 10 would be ideal. 
Any method of conditioning the photo-diode signal before the comparators will suffice; avoiding 
individual buffers for each detector would be ideal 

Fixed Pattern Mapping: The signal processing to utilize a small number of high resolution, 
low jitter trigger events that span the distance from Tick to Tock is similar in concept to that 
previously discussed for continuous, high noise sensors. Figure 11a shows the simulated angular 
position vs. time for the identical base velocity and perturbation conditions as depicted in Figure 
6. In Figure 1 la, the somewhat fuzzy line is the actual (simulated) position and the circles show 
where the 21 discrete transitions are measured. 

Unlike the continuous sensors, the position error due to noise and jitter for the bi-cell 
driven trigger events is very low. Like the Tick and Tock sensors, the optics for the beam 
position measurements shown in Figures 9a and 9b are stable and highly repeatable. Therefore, 
the angular position for each trigger transition is a fixed and stable value. The map of the fixed 
pattern of position of each transition can be obtained using a technique similar to that discussed 
leading to Equation (10). If the rotor velocity events are random in nature, after enough 
rotations, the average velocity, <co> will equal O)o and a position value of each m th trigger (9 m ) 
can be found by first finding the average time for the m th trigger , <T m >, and interpolating 
between r T i C k and r Toc k using 

0 m =0 TKk + l<«- T ™ {9 Jmk -e T J. (12) 
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* • 

Signal Processing: Possessing the table of 6 values for each trigger value, the value of any i ih 
measurement that lands between the 9 m and 0 m+ i trigger readings can be found by straight 
interpolation using 

Figure lib shows the difference between the actual angular position of the simulated 
beam and the position determined applying (13) to the discrete position data in the plot of Figure 
11a. The standard deviation of the errors is 15.8 |iRad and the maximum error is 30.4 |LiRad, 
easily passing the desired measurement specifications. It is clear that the residual plot in the 
Figure 1 lb is the result of linear interpolation of a sine curve. Depending on the processing 
power available and the need for more accurate data, better interpolation results could be 
obtained by fitting spline curves to the data or even a high order polynomial. Interestingly, once 
a configuration like Figures 9a and 9b is implemented with discrete sensors, the use of Tick and 
Tock become somewhat optional as the first and last transitions on the array can serve as the 
Tick and Tock values. 

As with most configurations in this disclosure, the implementation in Figures 9a and 9b 
will work with a beam split off before the rotating mirror, similar to the pick-off shown in Figure 
8a. The implementation will also work with a beam from a separate source that can be placed 
anywhere in the instrument case. Utilizing the hard coupled correlation between the active 
deflection mirror and the other mirrors on the rotor or the backside of the active deflection 
mirror, the sample beam can optionally be directed off any of those other mirror surfaces. As 
with most configurations in this disclosure, when a separate beam path is used for the sample 
beam, it is desired but not required to use a fold mirror to fold the path and keep it in a compact 
form inside the instrument case. 
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Masking Techniques 

Figures 12a, 12b, and 13 show another method for creating a series of discrete trigger 
events to span the angular space between Tick and Tock. Regardless of the source, the sample 
beam is deflected off the rotating mirror and swept over a large range of angles. Collection 
optic(s) intercept the beam and re-direct it to a bi-cell photo-detector oriented with the dividing 
line along the direction of the beam sweep. Examination of Figure 12b shows that the deflected 
beams can be traced back to appear as if they originated from a small locus we will call the 
source region. The collection optic(s) can be chosen to image the source region onto the bi-cell. 
In such a case, as the beam sweeps across the collection optic(s), it's intercept location on the bi- 
cell will remain static, with the top half of the beam illuminating the upper photo-cell and the 
bottom half illuminating the lower photo-cell. As with the Tick and Tock sensors, any periodic 
event that causes the intensity of the beam to switch back and forth between the upper and lower 
photo-cells can be used to create a high resolution optical trigger pulse. 

To create these periodic intensity swings, Figure 13 shows the placement of an aperture 
mask/plate between the source region and the collection optic(s), although in practice it can be 
on either side of the collection optics(s). The top half of the aperture plate contains alternating 
transparent and opaque regions, with the same pattern repeated out of phase on the lower half. 
As the beam commences its sweep along the aperture, the top half of the beam will pass through 
opening A and illuminate the top photo-cell, while the lower half of the beam is blocked. As the 
sweep proceeds, a portion of the top half of the beam will be blocked by the obstruction next to 
opening A while a portion of the lower half of the beam will start to pass through opening B. 
The point where the intensities on the two photo-cells is balanced can be used to create a high 
resolution trigger event identical to the Tick and Tock events that will repeat periodically as the 
beam sweeps down the rest of the aperture plate. Using previously mentioned analytical 
techniques, these triggers can be used to derive high resolution angular position data between 
Tick and Tock. The shape of the apertures, overall shape of the aperture plate, aspect ratio and 
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duty cycle of the aperture plate can be tailored to fit the application. Limiting the aperture sizes 
so the beam can not pass through two upper of lower openings simultaneously will enhance the 
resolution of the trigger events. 

Light Pipe 

We have discussed techniques for creating discrete trigger events between Tick and Tock 
by passing a beam across multiple photo-sensors. We have also accomplished the same results 
by periodically interrupting portions of the sample beam falling on a single detector. Figures 14a 
and 14b show another technique in which a light pipe structure is used to break the sweep of the 
sample beam into multiple smaller sweeps that periodically cross a single detector or a small 
array of sensors. As can be seen in Figure 14a, there is a beam pointing angle that will travel 
straight down the axis of the light pipe and intercept the surface of the bi-cell. As the beam 
sweeps, a different pointing angle will satisfy the condition where the beam will bounce off one 
of the light pipe walls and intercept the bi-cell. Further along the sweep, the beam will bounce 
first off one wall, then another and then intercept the bi-cell. If the conditions allow, as the beam 
sweeps past the center point, it with continue to undergo increasing numbers of odd or even 
bounces. Each time it undergoes a new reflection, the beam will sweep past the bi-cell, creating 
a series of discrete high resolution trigger events that can be designed to span the angular 
distance between Tick and Tock. 

The theory and optimization of light pipe structures has been well studied (see K. S. 
Johnston, Planar Substrate Surface Plasmon Resonance Probe with Multivariate Calibration, 
Ph.D. Dissertation, Univ. Washington, 1996). The light pipe is usually constructed of two 
mirrors facing each other with a stable gap between them. The length and gap of the light pipe 
are the primary variables that will determine the number of discreet sensor crossings and the 
angular range between them. Although Figure 14a shows a short structure, generally a structure 
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that extends as far as possible will yield the most transitions. To artificially extend the length, it 
is possible to place a mirror at the end and direct the beam back down the structure to a bi-cell 
located at the initial opening. This bi-cell can be on the other side of a beam splitter or, if the 
mirror at the end has a slightly cocked angle, located either above or below the location of the 
beam entering the structure. A tapered gap in the light pipe structure can be used to further 
control the angular occurrence of the trigger events and even used to offset the irregular spacing 
of the trigger events due to tangent effects. It is noted that a light pipe comprising additional 
mirrors may also be contemplated such as, for example, a light pipe comprising 3 mirrors in a 
triangular configuration. 

Alternately, the light pipe can be a crystalline substance with the light traveling inside 
and bouncing off the walls via mirrors or TIR. Perhaps the most ambitious use of a light pipe is 
where the rotating mirror and the light pipe structure are combined in a long box type structure. 
The long box type structure comprises the rotating mirror for deflecting the measurement beam 
on one large face, side walls for forming a light pipe structure, and a 45° mirror facet at one end 
of the light pipe structure to deflect the sample beam into the light pipe much like the beam 
splitter in Figures 14a and 14b deflects the sample beam into that light structure. This structure 
can be an open box structure or a crystalline slab with polished/mirrored faces. The bi-cell is 
located at the far end of the structure from the input facet. When the structure rotates relative to 
the stationary sample and measurement beams to create the sweep of the measurement beam, the 
sample beam is diverted into the light pipe, swept across a range of angles and broken up into 
many small sweeps that emerge from the end of the structure and sweep across the bi-cell. This 
configuration is very compact and has very few components to create a series of discrete angular 
measurements between Tick and Tock. 

Multiple Spot Diffractive Element on Rotor 
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Another method of creating a series of discrete angular measurements is to employ a 
series of discrete sample beams. Figures 15a and 15b depict one method of accomplishing this 
where a diffractive element is applied where the sample beam strikes the rotor surface. If the 
diffractive element has the properties of a diffraction grating, then a series of diffracted beams at 
regular angular intervals will result, as depicted in Figure 15b. As the rotor turns, these beams 
will be swept across the bi-cell detector, resulting in a series of discrete trigger events for 
determining angular position between Tick and Tock. 

Unlike many implementations in this disclosure, this technique would not work well if 
the diffractive element was placed where the measurement beam strikes the rotor and a beam 
splitter was used to sample the resulting array of sweeping beams. The profusion of output 
beams illuminating the object would likely interfere with the measurement process. 

One drawback to placing the diffractive element on the rotating mirror is the efficiency of 
the diffractive element will suffer with the variable incident angle of the illumination beam. This 
will make the intensity of the output beams variable, which will challenge the discriminator 
circuit that only enables a trigger when enough intensity is present. A specifically compensative 
design of the diffractive element will help resolve this issue. 

Multiple Spot Diffractive Element 

Instead of creating multiple discrete beams at the rotor surface, Figures 16a and 16b 
depict a method of creating the multiple beams in advance and directing them all onto the rotor. 
Here, the sample beam is directed through a transmissive diffractive element to create a series of 
discrete diffracted sample beams. Alternately, a reflective element could produce the same 
results. The diffractive element would need to function primarily as a diffraction grating. To get 
21 discrete beams over a 60° envelope would require a primary groove density of 6.68 lines/mm. 

-25- 



A holographic element would be ideal here because it could be used to slightly shape the beam 
and ensure that all the beams had similar intensity. 

If the diffracted beams were aimed directly at the rotor, they would spread out before 
being reflected and end up creating a complicated optical path that might not all land on a single 
detector. To solve this, collection optic(s) is used to collect and redirect all the beams onto the 
rotor, where they will be reflected and swept through a range of angles much like the system in 
Figures 15a and 15b. The collection optic(s) would be placed ~2 focal lengths from both the 
diffractive element and the source region on the rotor. As the rotor turns, one of the discrete 
beams at a time will sweep across the bi-cell creating a series precise triggers at regular angular 
intervals. There is some slight advantage to focusing just past the surface of the rotor in order to 
minimize the difference in optics path of the beams that are falling on the single detector at any 
given rotor angle. The farther the bi-cell is from the rotor, the greater the angular resolution of 
the resulting trigger events. 

General Considerations 

The preceding implementations for deriving high accuracy angular position data of a 
measurement beam were illustrated as applying to a laser scanner system with a polygon rotor 
used to deflect the beam over a range of angles. As was mentioned several times, these 
implementations were also specifically designed for application to a resonant mirror structure 
that deflects the beam but undergoes periodic angular acceleration. These implementations also 
have application to situations where the beam is swept along in a linear fashion, e.g. the 
deflection mirror is attached to a linear actuator instead of a rotary actuator and knowledge of the 
linear displacement of the beam is required. 
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As was mentioned several times, the sample beam used to measure the angular position 
and the measurement beam could be split off of a single beam before the rotor, after the rotor or 
even originate from separate sources. The beam paths could be co-linear, parallel or even 
entirely separate, e.g. off different mirrors on the rotor. As long as the deflection path for the 
sample beam and the deflection path for the sweep of the measuring beam are rigidly coupled, 
the acquisition and analysis techniques discussed here should suffice to obtain accurate angular 
beam position data. 

Many of the analytical methods described utilize Tick and Tock sensors to obtain final 
angular position values. Most of these techniques can be accomplished using single detectors. 
However, in all cases, the resolution and jitter will be improved by employing a bi-cell as 
described in the prior art. Further, most of the optical techniques present the option of using the 
first and last trigger transitions as the Tick and Tock signals and doing away with the redundant 
measurements and associated components. 

When designing optical instruments for commercial deployment, it is desired to have 
rugged, compact cases. To support this, many of the implementations show turning mirrors to 
fold the sample beam path down to run parallel with the axis of the rotor. In all cases, 
compactness is a desirable design feature but the folding mirrors are not required to use the 
techniques discussed here. Along those lines, it is generally desired to have as much distance 
from the rotor to the optical detectors in order to improve the optical leverage and increase the 
resolution of the trigger signals. One method mentioned previously for applying the preceding 
techniques while maximizing the sample beam path length in a system like that in Figures 16a 
and 16b would be to place a slightly cocked mirror at the end of the rotor to bounce the sample 
beam back down the length of the case one or more times to a bi-cell placed near the turning 
mirror. This will work for most of the optical trigger techniques described here to double (or 
more) the path length without affecting the case geometry. 
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Those of ordinary skill in the art will recognize that various modifications and variations 
may be made to the embodiments described above without departing from the spirit and scope of 
the present invention. For example, the preceding techniques do not have to be implemented 
alone, they can be combined to produce hybrid techniques that might fit a specific application 
better than a single technique. As a specific example, referring to Figures 14a and 14b, more 
trigger events would be obtained with the addition of a photo-diode array similar to that in Figure 
10 instead of the single bi-cell and would result in many trigger events from the existing smaller 
light pipe structure without growing the structure to block the optics path to the far end of the 
rotor. It is therefore to be understood that the present invention is not limited to the particular 
embodiments disclosed above, but it is intended to cover such modifications and variations as 
defined by the following claims. 
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